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INTRODUCTION 

The  construction  of  Pt,  Au  and  graphite  uitramicrodisk  electrodes  with  element  radii  as  small  as 
0.1  /im  has  become  routine  in  many  electrochemical  laboratories  (1).  The  inherently  small  RC  time 
constants  of  ultramicroelectrodes  (UMEs)  allow  fast,  transient  electrochemical  experiments  to  be 
performed  (2),  and  the  low  total  current  allows  voltammetry  to  be  performed  in  highly  resistive  media 
(3).  Additionally,  mass  transport  to  a  UME  is  extremely  rapid,  and  this  permits  the  determination  of  very 
high  heterogeneous  rate  constants  using  steady*state  voltammetry  (4).  However,  the  interpretation  of 
steady-state  electrochemical  results  for  the  disk  geometry  is  complicated  by  the  fact  that  the  steady- 
state  current  density  near  the  edge  of  a  microdisk  is  much  greater  than  at  the  center  of  the  disk  (4d,5). 
Consequently,  the  mathematical  analysis  of  cyclic  voltammetry  and  chronoamperometry  at  microdisks 
is  complicated,  and  frequently  involves  approximations  (2,5,6). 

UMEs  possessing  a  hemispherical  geometry  would  circumvent  this  problem,  since  the  steady- 
state  current  density  at  a  hemispherical  surface  is  uniform.  Consequently,  simplified  mathematical 
treatments  are  available  for  this  electrode  geometry  (7).  Unfortunately,  conventional  UME  construction 
techniques  are  not  well  suited  to  preparing  hemispherical  ultramicroelectrodes  (1),  Thus,  experimental 
results  for  this  UME  geometry,  despite  its  obvious  theoretical  advantages,  are  notably  absent  from  the 
literature. 

We  report  here  a  new  procedure  for  preparing  both  glass  and  polymer  insulated  Pt-lr  UMEs. 
These  UMEs  can  be  fabricated  with  either  conical  or  hemisphencal  geometries,  and  cone-hemisphere 
radii  of  0.5  /^m-lO  are  routinely  accessible.  We  also  present  data  for  the  electrochemical 
characterization  of  these  electrodes  by  cyclic  voltammetry  and  chronoamperometry.  The 
chronoamperometry  data  for  conical  UME’s  has  been  analyzed  in  terms  of  a  combined  linear  diffusion 
and  radial  diffusion  expression,  and  these  measurements  have  yielded  the  first  experimental 
information  on  the  diffusional  properties  of  cone  shaped  microelectrodes. 

EXPERIMENTAL 

I.  Chemicals.  Reagent  grade  K4Fe(CN)6.  KCI,  KOH.  and  Na2S04  (all  from  J.T.  Baker)  and  NaCN 
(Mallinckrodt)  were  used  as  received.  Aqueous  solutions  were  prepared  using  18  Mfl-cm  deionized 
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water  obtained  from  a  Bronsted  Nanopure  system.  Poly-(Q-methylstyrene)  (Aldrich,  MW  =  60,000)  was 
used  as  received.  Pt(70%)-lr(30%)  wire  (dia.  =  0.020")  was  obtained  from  Englehard  Industries. 

II.  Apparatus. 

A.  Electrochemistry.  Chronoamperometry  and  cyclic  voltammetry  were  performed  using  a 
Princeton  Applied  Research  (PAR)  Model  173  potentiostat  in  conjunction  with  a  PAR  Model  175  voltage 
programmer.  Cyclic  voltammograms  at  scan  rates  below  500  mV  s'^  were  recorded  on  a  Houston 
Instruments  Model  2000  X-Y  recorder.  Data  from  faster  voltammetric  sweeps,  or  from  current-time 
transients,  were  recorded  on  a  Nicolet  Model  2090  III  digital  storage  oscilloscope.  DC  currents  were 
measured  using  a  Keithley  Model  427  Current  Amplifier,  and  AC  currents  were  measured  with  a 
Keithley  Model  177  Voltmeter.  Etching  characteristics  were  recorded  using  a  Linear  Co.  strip  chart 
recorder. 

Electrochemical  cells  were  of  a  conventional  one-compartment  design.  All  microelectrode 
experiments  were  performed  using  a  conventional  three-electrode  configuration  and  a  saturated 
calomel  reference  electrode. 

B.  Scanning  Electron  Microscopy.  Scanning  electron  microscopy  and  energy  dispersive  x-ray 
(EDX)  elemental  analysis  was  performed  with  a  CamScan  SEM  equipped  with  a  Tracor-Northern  x-ray 
analyzer  and  data  station.  A  typical  accelerating  voltage  for  these  measurements  was  20  kV.  Prior  to 
SEM  examination,  all  electrodes  were  coated  with  ca.  200  A  of  gold  using  a  plasma  coater. 

III.  Tip  Etching.  The  electrochemical  etching  bath  consisted  of  an  unstirred  solution  of  2  M  NaOH 
and  6  M  KCN.  The  cyanide  facilitated  the  complexation  and  dissolution  of  metal  from  the  immersed 
wire,  and  the  NaOH  inhibited  the  formation  of  HCN.  All  etching  was  performed  in  a  fume  hood. 

To  manipulate  the  sample  during  etching,  the  Pt-lr  wire  (1. 5-2.0  cm  in  length)  to  be  etched  was 
mounted  in  a  chuck  which  had  an  adjustable  distance  travel.  A  3"  inner  diameter  wax-impregnated 
graphite  ring  was  used  as  the  counter  electrode,  and  this  ring  was  centered  around  the  Pt-lr  tip.  The  Pt- 
lr  wire  and  C  counter  electrode  were  then  lowered  simultaneously  into  the  etching  bath  until 
approximately  1  mm  of  the  Pt-lr  wire  was  in  the  solution.  An  AC  voltage  of  25  V  RMS  was  applied 
between  the  two  electrodes,  and  the  depth  of  immersion  was  adjusted  until  the  current  was  1.25  A  RMS. 
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Etching  was  terminated  when  the  desired  conical  geometry  and  aspect  ratio  was  obtained  (see 
RESULTS,  section  I). 

IV.  Tip  Coating 

A.  Glass  Coating  Procedures.  A  coating  apparatus  was  constructed  in  order  to  apply  controllable, 
uniform  coatings  of  non-porous  glass  insulation  to  the  etched  Pt-Irtips.  The  apparatus,  depicted  in 
Figure  1 ,  consisted  of  a  tip  positioner  that  facilitated  variable  speed  tip  translation  and  of  a  filament  that 
produced  molten  glass  beads  to  coat  the  tip. 

The  glass  was  maintained  at  the  desired  temperature  by  a  resistively-heated  (1  <  1 700  °C) 
0.020"  Pt  filament.  In  order  to  localize  molten  glass  beads  by  surface  tension,  part  of  the  filament  was 
bent  into  a  tear-drop  shape  that  measured  approximately  1.5  mm  in  inner  diameter.  To  provide  for 
measurement  of  the  filament's  temperature,  0.005"  Pt  and  Pt-Rh(10%)  thermocouple  wires  were  welded 
to  the  Pt  filament. 

The  filament  was  supported  by  two  brass  posts  that  were  fed  through  a  plexiglass  base.  The 
brass  posts  were  cooled  by  water  that  flowed  through  the  posts.  These  posts  also  provided  electrical 
contact  to  the  filament.  Prior  to  melting  the  glass,  the  entire  filament-post  system  was  covered  with  a 
bell  jar  and  was  evacuated  through  a  port  in  the  plexiglass  base. 

A  soda-lime  glass  (Corning  Glass  #0080)  was  chosen  for  tip  coating  because  its  thermal 
expansion  coefficient  closely  matched  that  of  Pt(70%)-lr(30%)  (8).  Additionally,  the  low  viscosity  of  the 
soda-lime  glass  at  temperatures  readily  accessible  with  a  Pt  filament  (8)  was  an  important  property. 

Prior  to  use,  the  glass  was  cleaned  with  i-CsHyOH  and  deionized  water. 

To  prepare  the  glass  for  coating  the  metal  tip,  a  section  of  a  2  mm  diameter  glass  rod  was  fed 
into  the  tear-drop  of  the  electrically  heated  filament  (=  1400  “C).  The  molten  glass  remained  in  the  tear¬ 
drop  due  to  surface  tension.  The  filament  was  then  cooled  to  room  temperature  and  the  system  was 
enclosed  with  the  bell  jar  and  evacuated.  When  the  interior  pressure  reached  40  mtorr,  the  filament  was 
electrically  heated  to  1450  +  20  °C  for  5  minutes.  During  this  time  period,  trapped  gases  were  evolved 
from  the  molten  glass  bead.  While  maintaining  a  constant  filament  temperature,  the  bell  jar  was  then 
vented  to  atmospheric  pressure.  This  step  served  to  insure  that  unescaped  gas  bubbles  collapsed  to  a 
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size  that  did  not  introduce  pinholes  in  the  coating  of  the  tip.  The  temperature  of  the  glass  was  then 
reduced  to  a  value  used  for  the  actual  coating  process,  typically  1350+20  "C. 

The  freshly  etched  tip  was  then  mounted  in  a  collet  (Figure  1),  and  positioners  were  used  to 
center  the  tip  relative  to  the  molten  glass  bead.  A  manual  micrometer  drive  then  advanced  the  tip  in  the 
Z  direction  into  the  glass.  Tip  speeds  between  0.05  and  5  mm/min  were  maintained  as  the  tip  was 
introduced  into,  and  translated  through,  the  tear-drop  of  molten  glass.  During  this  process,  glass  was 
transferred  from  the  tear-drop  to  the  tip.  The  electric  heating  current  was  frequently  adjusted  to 
maintain  a  constant  filament  temperature  despite  the  changing  thermal  mass  of  the  filament.  The 
progress  of  the  coating  was  monitored  by  observing  the  filament  from  above  during  the  coating 
process.  In  all  cases,  virtually  all  the  glass  was  removed  from  the  filament  with  5  to  7  mm  of  tip 
translation.  Further  translation  exposed  a  portion  of  the  bare  shaft,  which  was  subsequently  gripped 
with  tweezers  in  order  to  remove  the  tip  from  the  collet. 

At  tip  speeds  greater  than  mm/min,  the  tip  was  not  coated,  but  rather  the  glass  bead  was 
pushed  out  of  the  tear  drop  by  the  advancing  tip.  At  tip  speeds  between  0.5-1 .0  mm/min,  unbroken  and 
electrically  insulating  glass  films  were  obtained.  Using  this  range  of  translation  speeds,  we  have 
prepared  tips  that  can  be  used  for  atomic  resolution  STM  imaging  of  electrode  surfaces  in  electrolytes 
containing  high  concentrations  of  redox  species  (9).  Tip  speeds  between  0.3-0.5  mm/min  allowed  the 
tip  to  punch  through  the  molten  glass  bead,  and  exposed  small,  well  defined  metal  areas.  Tip  coating 
speeds  in  this  inteaal  were  used  to  prepare  the  glass  coated  UME’s  described  here. 

B.  Polymer  Coating  Procedures.  After  surveying  a  number  of  other  polymers,  poly(Q- 
methylstyrene)  was  selected  as  the  preferred  polymer  coating  material.  The  other  materials 
investigated  either  yielded  erratic  coating  qualities  (e.g.  poly(vinylchloride))  or  yielded  a  brittle  coating 
that  shattered  during  hardening  (e.g.,  polystyrene).  PqMS  has  similar  mechanical  properties  to 
polystyrene,  but  it  has  a  lower  T^,  (10),  which  apparently  makes  it  more  suitable  for  the  tip  coating 
process.  The  PqMS  obtained  from  Aldrich  consisted  of  small  polymer  beads  (weight  =  ca.  20  mg),  each 
of  which  was  approximately  the  correct  size  for  coating  a  single  Pt-lr  tip. 
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The  procedure  used  for  polymer  coating  was  qualitatively  similar  to  that  for  glass  coating. 
Because  of  the  lower  temperatures  involved  in  the  polymer  coating  process,  and  the  lack  of  the  need  to 
remove  bubbles  from  the  PaMS  melt,  a  simpler  polymer  coating  apparatus  was  sometimes  substituted 
for  that  shown  in  Figure  1.  This  simpler  apparatus  consisted  of  a  soldering  iron  (Ungar,  22W)  onto 
which  an  "omega"  shaped  wire  (dia.  =  4  mm)  was  attached.  The  polymer  bead  was  then  supported  by 
this  wire  and  heated  by  the  soldering  iron. 

The  coating  of  etched  Pt-lr  wires  was  accomplished  by  translating  (by  hand)  the  etched  tip 
through  the  polymer  melt.  A  typical  tip  translation  speed  was  approximately  0.5  mm/sec,  although 
qualitatively  similar  UME  tip  behavior  was  observed  for  tip  speeds  between  0.25  and  1 .0  mm/sec.  In 
contrast  to  the  glass  coating  process,  the  rate  of  tip  translation  during  the  polymer  coating  step  did  not 
appear  to  be  an  important  variable  in  determining  the  final  coating  morphology. 

The  quantity  of  exposed  metal  at  the  coated  tip  was  found  to  vary  reproducibly  with  the  polymer 
melt  temperature.  The  polymer  temperature  was  monitored  by  immersion  of  an  iron-constantan 
thermocouple  wire  directly  into  the  melt.  During  coating,  the  polymer  melt  was  adjusted  to  a 
temperature  of  190-205  °C.  Within  this  temperature  range,  the  diameter  of  the  cone-hemisphere  radius 
of  the  coated  tip  decreased  from  10  ^im  to  0.5  as  the  temperature  was  increased.  At  slightly  higher 
temperatures  (205-215  °C),  fully  electrically  insulated  tips  were  obtained.  A  detailed  description  of  both 
glass  and  polymer  insulated  tips,  emphasizing  the  capabilities  of  these  types  of  electrodes  with  respect 
to  electrochemical  scanning  tunneling  microscopy,  is  presented  in  a  separate  publication  (9). 

V.  Electrochemical  Pretreatment  and  Surface  Conductivity.  Following  glass  or  polymer 
coating,  reversible  steady-state  voltammograms  in  the  Fe(CN)6^'  test  solution  were  not  always 
observed  initially.  Instead,  for  approximately  10%  of  the  UMEs  with  either  type  of  insulation,  the  cyclic 
voltammetry  appeared  to  be  quasi-reversible,  with  plots  of  log[(ii-i)/i]  vs.  E-E-i/2  yielding  slopes  of  80-90 
mV  (4f).  However,  when  such  electrodes  were  potentiostatted  at  -0.6  V  vs.  SCE  for  several  minutes,  the 
apparent  reversibility  of  the  Fe(CN)6^*^^‘  wave  usually  improved.  Slopes  of  log[(i(-i)/i]  vs.  were 
then  close  to  60  mV,  as  expected  for  reversible  electron  transfer  processes  (4f).  This  observation 
suggests  that  a  surface  oxide  layer  was  initially  present  at  the  exposed  Pt-lr  surface,  and  was  possibly 
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introduced  during  the  preceding  electrochemical  etch.  Electrochemical  reduction  of  this  oxide  then 
enabled  routine  voltammetry  to  be  performed  with  these  UME's. 

An  additional  complication  was  sometimes  observed  with  glass-coated  UME's.  In  some  cases, 
the  cyclic  voltammetry  of  Fe(CN)6^‘/^*  was  superimposed  on  steeply  sloping  background  currents. 

This  observation  suggested  the  presence  of  a  parallel  resistance  in  the  electrochemical  equivalent 
circuit.  This  current  was  found  to  result  from  a  surface  conductivity  effect.  Insulating  the  exposed  metal 
shaft  of  such  electrodes  with  epoxy  was  found  to  remove  the  sloping  background  component  from 
these  voltammograms,  and  resulted  in  normal,  reversible  electrochemical  behavior. 

RESULTS 

I.  Properties  of  Etched  R-lr  Tips 

The  coating  of  Pt-lr  metal  tips  by  glass  and  polymer  layers  was  found  to  be  a  function  of  the 
sharpness,  surface  roughness,  and  cone  angle  of  the  etched  tips.  Extremely  sharp  metal  tips  (tip  radius 
<  ca.  1  ^itr\)  facilitated  the  polymer  and  glass  coating  processes,  and  these  tips  resulted  in  the  conical 
UME  geometries  of  interest  to  this  study.  Consequently,  as  a  crucial  starting  point  to  tip  preparation,  the 
etching  characteristics  of  0.020"  Pt(70%)-lr(30%)  wire  were  investigated. 

Figure  2a  shows  a  representative  I  vs.  t  curve  for  tip  etching  with  a  25V  AC  ims  voltage  in  the 
KCN-KOH  bath.  Two  distinct  regions,  with  an  abrupt  transition,  may  be  discerned  in  the  Figure.  In 
Stage  I,  visual  inspection  of  the  tip  indicated  that  the  diameter  of  the  immersed  portion  of  the  tip  was 
uniformly  ’■educed  with  etching  time,  while  the  length  remained  essentially  unchanged.  After 
approximately  300  sec,  an  abrupt  transition  to  Stage  II  appeared  in  the  l-t  profile.  This  also 
corresponded  to  a  dramatic  change  in  the  etching  mechanism  of  the  tip.  During  this  second  stage  the 
long  and  narrow  metal  filament  that  resulted  from  Stage  I  etching  was  reduced  in  length  without  further 
reduction  in  diameter.  The  shapes  of  tips  emersed  at  points  labelled  "A"  or  "B"  in  Figure  2a  are 
schematically  represented  in  the  corresponding  portions  of  Figure  2b.  A  tip  removed  5  seconds  after 
the  abrupt  transition  from  Stage  I  to  Stage  It  etching,  symbolized  in  the  portion  of  Figure  2b  labelled 
"stop",  was  repeatably  found  to  be  morphologically  smooth  and  sharp,  with  an  aspect  ratio  (a)  of 
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approximately  1 .2-1 .3  (height/base  diameter).  These  tips  were  well  suited  for  subsequent  coating  by 
either  polymer  or  glass. 

An  SEM  image  of  a  typical  etched  (but  uncoated)  Pt-lr  tip  is  shown  in  Figure  3.  The  geometry  of 
this  tip  was  close  to  conical,  with  an  aspect  ratio  a  =:  1.3  and  an  ultimate  tip  radius  of  0.5  Using  the 
etching  procedure  described  above,  this  geometry  was  obtained  reproducibly,  and  tip  radii  of  0.5-1. 0 
fim  were  readily  obtained. 

The  surface  of  the  hemispherical  tip  was  observed  to  be  smooth  to  the  limiting  resolution  of  the 
SEM.  This  indicates  that  the  metal  undenvent  an  effective  electropolishing  process  during  etching  (11). 
For  this  reason,  further  polishing  of  the  metal  surface,  even  after  insulating  with  glass  or  polymer 
coatings,  was  not  necessary.  Also,  the  longitudinal  grooves  revealed  by  the  SEM  images  of  the  tip  shaft 
were  not  detrimental  to  the  final  UME  perforr  ance  characteristics,  because  this  area  was  insulated  from 
contact  with  the  electrolyte  by  the  glass/polymer  coating  process. 

Over  a  variety  of  runs,  we  observed  that  etched  tips  varied  widely  in  geometry  and  morphology 
as  a  result  of  changes  in  etching  voltage,  etching  time,  or  the  age  of  the  etching  solution.  Fortunately, 
the  current  vs.  time  relationships  of  the  tips  provided  a  bath-independent  means  by  which  the  etching 
process  could  be  monitored.  Such  curves  reliably  described  the  evolution  of  the  tip  structure  for  most 
experiments,  and  the  above  etching  procedure  was  found  to  be  quite  satisfactory  for  producing  the 
desired  tip  features.  Additionally,  varying  the  termination  time  of  the  etching  process  yielded  "sharp" 
tips  possessing  aspect  ratios  from  0.5  to  10.  Although  we  have  found  that  an  aspect  ratio  of  1.2-1 .4  is 
optimal  for  obtaining  polymer  and  glass  coated  UME’s,  the  etching  procedure  is  thus  capable  of 
producing  other  types  of  tips,  if  desired,  for  use  in  other  applications. 

II.  Characterization  of  Insulated  UME  Tips 

A.  Scanning  Electron  Microscopy.  Figure  4  displays  SEM  images  of  representative  etched  and 
coated  Pt-lr  microelectrodes.  In  the  glass  coated  UME  shown  in  Figure  4a,  the  interface  between  the 
glass  insulator  and  the  exposed  metal  surface  is  clearly  visible.  Notably,  although  this  interface  is 
neither  geometrically  uniform  nor  concentric  with  the  conical  tip  geometry,  no  cracks  or  other  defects  in 
the  glass-metal  seal  are  evident.  In  SEM  images  of  polymer  coated  UMEs,  such  as  that  shown  in  Figure 


4b,  a  well  defined  interface  was  not  apparent  between  the  polymer  insulator  and  the  exposed  metal 
surface.  The  difficulty  in  resolving  this  interface  implies  that  there  was  an  intimate  seal  between  these 
two  components  of  the  UME.  Defects,  cracks  and  other  mechanical  deformations  were  similarly  abr^nt 
in  SEM  images  of  other  glass-coated  and  polymer-coated  UMEs.  Thus,  it  appears  that  both  the  glass 
and  polymer  coatings  adhere  extremely  well  to  the  etched  Pt-lr  surface.  This  feature  is  critical  for 
making  well-defined  microelectrodes  using  any  tip  insulation  process. 

The  exact  location  of  the  insulator-metal  boundry  for  polymer  coated  tips  was  determined  using 
both  SEM  imaging  and  EDX  spectroscopy.  The  increased  brightness  near  the  apex  of  the  polymer 
coated  tip  in  the  SEM  image  of  Figure  4b  is  consistent  with  the  expected  increase  in  electron 
backscattering  efficiency  at  exposed  Pt-lr  regions.  This  conclusion  was  corroborated  by  obtaining  EDX 
spectra  as  a  function  of  position  along  the  tip  axis.  Selected  spots  (0.05  /im  x  0.05  /im)  at  a  series  of 
distances  from  the  tip  apex  were  analyzed  for  the  presence  of  Pt.  Pt  absorption  lines  were  clearly 
evident  at  the  areas  near  the  tip  apex.  However,  the  intensity  of  these  absorptions  decreased  as  the 
electron  beam  traversed  the  interface  between  the  bright  and  dark  regions  of  the  SEM  image  (Figure 
4b).  At  distances  greater  than  0.5  ^m  beyond  this  interface,  Pt  absorption  lines  were  no  longer 
discernable,  supporting  the  conclusion  that  the  dark  regions  in  the  SEM  image  corresponded  to  coated 
areas  of  the  metal  wire. 

The  exposed  metal  surface  of  the  polymer  coated  UME  (Figure  4b)  closely  approximated  a 
conical  geometry,  with  an  aspect  ratio  (q  =  1 .2)  similar  to  that  of  the  etched,  uncoated  Pt-lr  tips  (Figure 
3).  In  addition,  no  significant  texture  of  the  metal  surface  is  apparent  in  the  SEM  image  of  Figure  4b, 
indicating  that  the  surface  was  smooth  on  a  scale  of  0.1  ^m.  Greater  roughness  is  visible  at  the 
exposed  metal  tip  of  the  glass-coated  UME  (Figure  4a).  This  indicates  that  the  characteristic  conical  tip 
geometry  produced  by  the  etching  procedure  described  above  is  not  retained  after  exposure  of  the 
metal  to  the  high  temperatures  inherent  to  the  glass  coating  procedure. 

B.  Cyclic  Voltammetry.  Cyclic  voltammograms  for  representative  glass-coated  and  polymer-coated 
UMEs  in  aqueous  4.34  mM  Fe(CN)6^‘,  10  M  KCI  solutions  are  shown  in  Figure  5a  and  5b,  respectively. 
At  ihe  two  slowest  scan  rates  (2  and  10  mV/sec)  in  this  Figure,  the  shape  of  the  voltammograms  are 
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sigmoidal,  and  no  cathodic  wave  was  observed.  The  combination  of  these  two  features  indicates  that 
radial  diffusion  was  established  and  that  steady-state  mass  transport  conditions  were  present  for  both 
types  of  tips  (12).  At  faster  scan  rates  (50,  200, 1000  mV  sec'^),  significant  forward  and  reverse  peak 
currents  were  observed,  indicating  the  presence  of  diffusional  mass  transport  limitations  on  these 
timescales  (12). 

These  data  can  be  used  to  estimate  the  critical  (or  smallest)  dimension  of  the  exposed  metal  at 
the  UME  tip.  As  a  first  approximation,  steady-state  diffusion  current  to  the  conical  electrode  geometry 
indicated  by  the  SEM  images  of  Figure  4  can  be  estimated  from  the  hemispherical  diffusion  equation. 
This  implies  that  the  radii  of  these  UMEs  can  be  estimated  from  the  limiting  current,  i|,  using  the 
equation  describing  hemispherical  diffusion:  /;  =  2nnFDCr  (7).  The  limiting  currents  obtained  from  the  2 
mV/sec  scans  in  Figure  4  are  i|, glass  =  7.1  nA,  and  i|,poim.  =  '^6.4  nA.  These  values  yield  hemispherical 
radii  of  3.4  /im  and  7.85  for  the  glass  and  polymer  coated  UME’s  respectively. 

An  independent  estimate  of  the  small  dimension  of  the  exposed  metal  surface  is  available  from 
the  change  in  the  shape  of  the  cyclic  voltammogram  as  a  function  of  scan  rate.  The  appearance  of 
peaks  (both  cathodic  and  anodic)  in  the  voltammogram  signals  the  onset  of  linear  diffusion.  This 
condition  occurs  when  the  diffusion  layer  thickness  becomes  much  less  than  the  smallest  dimension  of 
the  electrode  (12).  Thus,  an  analysis  of  the  voltammetry  in  the  transition  region  between  linear  and 
spherical  diffusion  yields  an  estimate  of  the  UME  radius  which  is  independent  of  that  calculated  using 
the  value  of  the  limiting  current.  A  quantitative  treatment  of  linear  scan  voltammetry  at  microdisk 
electrodes  by  Aoki  el.  a/.  (5f)  has  shown  that  a  unique  relationship  exists  between  the  dimensionless 
parameter,  p  =  (nFi^u/RTD)'^''^  (where  r  =  electrode  radius,  v  =  voltage  scan  rate)  and  the  ratio  between 
the  voltammetric  peak  current  and  the  steady  state  limiting  current,  /p//;.  The  values  of  this  ratio  for  the 
1  V/sec  scans  shown  in  Figure  5  are  1.1  and  1.3,  respectively.  These  values  are  consistent  with 
electrode  radii  of  2  pm  for  the  glass  coated  UME  (Figure  5a)  and  7  pm  for  the  polymer  coated  UME 
(Figure  5b)(5f),  which  are  in  reasonable  agreement  with  the  radii  calculated  from  the  limiting  current 
formula  for  hemispherical  diffusion. 
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The  position  of  the  insulator-metal  interface  obtained  from  the  SEM  images  and  EDX  data 
yielded  cone  radii  of  8.2  for  the  polymer-coated  UME  and  2.8  ^m  for  the  glass-coated  UME.  These 
values  are  compared  in  Table  I  with  those  obtained  from  cyclic  voltammetry.  Since  voltammetric  radius 
values  were  calculated  using  the  hemispherical  limiting  current  equation  (vide  supra),  the  agreement 
shown  in  Table  I  suggests  that  this  equation  is  an  acceptable  approximation  to  the  steady-state 
electrochemical  behavior  of  these  cone  shaped  UMEs.  The  particularly  close  agreement  evident  in 
Table  I  for  the  polymer  coated  UME  and  the  precise  conical  geometry  evident  in  SEM  images  of  these 
electrodes  provided  the  basis  for  the  selection  of  polymer  coated  UMEs  for  the  chronoamperometric 
experiments  described  below. 

C.  Chronoamperometry.  A  quantitative  evaluation  of  the  electrochemical  behavior  of  these 
ultramicroelectrodes  is  possible  using  chronoamperometry  (6).  Figure  6a  shows  typical  i  vs.  data 
in  aqueous  0.5  M  Na2S04-  4.21  mM  Fe(CN)6^'  solutions  for  polymer-coated  UMEs  possessing  radii  of 
1.7, 4.8,  and  6.5  /xm  (as  estimated  from  the  observed  i|  values  for  these  electrodes).  In  these 
experiments,  the  potential  was  stepped  from  0.0  V  to  0.5  V  vs.  SCE.  Note  that  the  linearity  of  these  plots 
is  excellent  (correlation  coefficient  >  0.99)  for  times  between  60  psec  and  0.1  sec. 

Because  the  concentration  of  ferrocyanide  in  this  solution  and  its  diffusion  coefficient 
(7.94  X  10"®  cm^/sec  (6a))  are  known,  the  slopes  of  these  plots  can  be  used  in  the  Cottrell  equation  to 
calculate  an  apparent  electrode  area.  These  areas  are  listed  in  Table  II. 

The  i  vs.  data  at  long  times  (t  >  0.1  sec)  are  shown  in  greater  detail  in  Figure  6b.  Positive 
deviations  of  the  experimental  data  from  the  Cottrell  line  are  particularly  evident  for  the  4.8  ^m  and  6.5 
pm  radii  UME’s.  These  positive  deviations  are  expected  in  the  time  interval  where  a  transition  from 
linear  diffusion  to  hemispherical  diffusion  is  occurring  (6).  This  change  in  the  mode  of  diffusion  will 
occur  when  the  diffusion  layer  increases  in  thickness  and  assumes  dimensions  greater  than  those  of 
the  conical  metal  surface  (12).  Thus,  a  quantitative  analysis  of  the  i  vs.  t  data  in  this  transition  region 
should  yield  information  regarding  the  size  and  the  geometry  of  the  exposed  metal  at  the  UME  tip. 
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A  first  order  mathematical  description  of  the  chronoamperometric  transients  for  a  general 
electrode  geometry  can  be  obtained  by  writing  the  total  diffusion  limited  current  as  a  sum  of  the  planar 
flux  and  radial  flux  diffusion  components: 

'total  ~  i planar  'radial  (1  )• 

The  form  of  the  planar  component  of  this  expression  is  given  by  the  well  known  Cottrell  Equation 
(5c,5f.6,13): 


iplanar  =  nFAD^/^C/(ir  (2). 

This  portion  of  the  total  current  can  be  calculated  for  any  electrode  geometry,  and  will  provide  an 
excellent  approximation  to  the  total  diffusion  limited  current  at  sufficiently  short  electrolysis  times.  For 
the  particular  UME  geometries  of  interest  in  this  work,  the  hemispherical  area  is  given  simply  by 
Ah«ni=2»rr2,  while  the  conical  area,  Acone.  equals  where  h  and  are  equal  to  the  height 

and  base  radius  of  a  right  circular  cone. 

The  geometric  information  of  interest  is  contained  in  the  radial  diffusion  term  of  Equation  (1). 

For  all  UME  geometries  explored  to  date  (spherical,  hemispherical  and  disk),  a  general  expression  for 
the  radial  component  in  Equation  (1)  has  been  found  to  be  (5c): 

'radial  ~  BfnFDC  (3), 

where  r  is  the  electrode  radius,  and  a  is  a  function  of  the  electrode  geometry  (5c).  For  spheres  a=4jr,  for 
hemispheres  a=2)r,  and  for  disks  a  is  time  dependent  but  approaches  a=4  as  t->«>.  To  date,  the 
applicability  of  this  treatment  and  the  appropriate  value  of  a  are  unknown  for  conical  electrodes, 
because  the  conical  UME  geometry  has  not  been  available  for  investigation. 
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Thus,  if  Equation  (1)  provides  a  correct  description  of  the  diffusion  limited  current  response  of  a 
conical  UME,  the  only  adjustable  parameter  in  the  fitting  of  the  chronoamperometric  data  in  Figure  6  is 
the  value  of  a.  To  apply  Equation  (1 )  to  this  UME  geometry,  the  Cottrell  area  of  the  UME  was  obtained 
from  the  slopes  of  the  i  vs.  data  at  times  <  0.1  sec.  using  Eq.  (2).  An  aspect  ratio  of  1 .2,  obtained 
from  the  SEM  data  for  the  polymer-coated  UMEs  (vide  supra),  was  then  used  to  calculate  a  value  for  r^, 
the  base  radius  of  the  cone.  Fitting  the  entire  chronoamperogram  to  Equations  (1)  and  (3)  then  yielded 
a  best  value  for  a. 

Figure  7  displays  experimental  and  theoretical  log  i  vs.  log  t  plots  for  the  three  UMEs  used  in  the 
chronoamperometry  of  Figure  6.  Only  the  UMEs  with  the  two  largest  radii  yielded  chronoamperometry 
that  deviated  from  hemispherical  diffusion  predictions;  thus,  only  these  electrodes  yielded  values  for 
and  a  (Table  II)  using  the  conical  diffusion  treatment  described  above.  For  the  two  conical  UMEs,  the 
agreement  between  the  two  values  for  a  is  excellent.  Furthermore,  measurement  of  numerous  other 
conical  UMEs  in  this  radius  range  yielded  a  values  of  1.9rr  -  2.2it.  This  value  is  close  to  that  for  the 
hemispherical  electrode  geometry,  ah^mi  =  2ir  (13). 

Another  method  for  determining  the  value  of  a  is  to  utilize  the  relationship  between  the  steady 
state  limiting  current  in  the  cyclic  voltammetry  (Figure  4)  and  the  conical  base  radius  as  determined 
by  SEM.  For  steady  state  diffusion.  Equation  (3)  should  describe  the  relationship  between  and  the 
total  observed  current  at  the  UME.  For  the  polymer  coated  conical  UME  of  Figure  4b,  using  the  value  for 
determined  by  SEM  analysis  (8.2  /im)  and  the  observed  i|  value  at  2  mV/sec  (i|  =  16.4  nA)  yields  a 
value  for  a  of  1 .9rr.  This  value  is  in  excellent  agreement  with  those  determined  by  analysis  of  the 
chronoamperometry  data  using  Equation  (1).  This  implies  that  the  semiquantitative  approach  of 
Equation  (1)  is  a  quite  satisfactory  description  of  the  diffusional  behavior  of  these  conical  UMEs  over  a 
range  of  radii  and  time  regimes. 

Also  shown  in  Figure  7  are  log  i  vs.  log  t  calculations  for  these  UMEs  based  on  a  hemispherical 
electrode  geometry.  The  values  employed  for  were  those  obtained  using  Equation  (2)  and  the  known 
cone  aspect  ratio  (a=1.2)  to  fit  the  short  time  chronoamperometric  response,  but  the 
chronoamperometric  response  for  the  entire  time  regime  was  then  calculated  for  diffusion  to  a 
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hemisphere  of  radius  r=r^  using  Equation  (1)  and  a=2n  in  Equation  (3).  Note  that  for  the  4.8  and  6.5 
pm  radii  UMEs,  the  currents  calculated  by  this  method  overlay  the  experimental  data  in  the  steady-state 
time  regime,  but  underestimate  the  current  values  in  the  short  time  (Cottrell)  regime.  For  example,  the 
6.5  pm  UME  has  a  Cottrell  region  which  is  displaced  by  0.1  =  log  1.25  from  the  hemispherical 
calculation.  This  disparity  indicates  that  the  actual  electroactive  surface  area  of  the  UME  is  25%  greater 
than  that  expected  based  on  the  steady  state  limiting  current  and  a  hemispherical  geometry  (6,7).  This 
observation  is  qualitatively  that  expected  if  the  exposed  metal  at  these  UME’s  has  a  conical  rather  than  a 
hemispherical  geometry.  For  a  right  circular  cone  (base  radius,  rc=  6.5  pm),  the  aspect  ratio  consistent 
with  the  experimental  Cottrell  area  is  1.20.  Similarly,  the  conical  aspect  ratio  corresponding  to  the 
Cottrell  area  of  the  4.8  pm  UME  is  a  =  1.19.  These  values,  summarized  in  Table  II,  agree  well  with  the  a 
values  of  1.2-1. 3  obtained  by  SEM  and  support  the  use  of  a  value  for  a  of  1.2  in  calculating  i  vs.  t 
transients  using  the  conical  model  above. 

The  electrochemical  behavior  of  the  1.7  pm  radius  UME  (Figure  7c)  is  distinctly  different  from 
that  of  the  larger  radii  UMEs  discussed  above.  Note  that  the  calculated  log  i  vs.  log  t  data  for  the 
hemispherical  model  overlays  the  experimental  data  over  the  entire  time  regime  investigated.  Thus,  the 
electrochemical  behavior  of  this  electrode  with  respect  to  chronoamperometry  is  essentially 
indistinguishable  from  that  of  a  hemispherical  UME  over  the  full  range  of  experimental  times  (6,7). 
Significantly,  UMEs  that  exhibited  hemispherical  diffusion  behavior  always  possessed  radii  <  2  pm. 

For  both  the  4.8  and  the  6.5  pm  radii  UMEs  of  Figure  7,  the  current  calculated  from  Equation  (1) 
is  in  good  (but  not  perfect)  agreement  with  the  data  over  the  entire  experimental  time  interval.  The 
slight  overestimate  of  the  actual  current  in  the  transition  region  indicates  that  the  value  for  a  is  too  large 
in  this  time  interval.  This  observation  is  evidence  for  an  a  coefficient  which  is  weakly  time  dependent 
over  this  time  regime.  A  similar  situation  has  been  observed  for  chronoamperometry  at  microdisk 
electrode  surfaces  (5c,6).  Observation  of  a  time-dependent  a  is  equivalent  to  stating  that  the  first  order 
treatment  given  by  Equation  (1)  is  not  a  rigorously  correct  solution  to  the  diffusion  equations  in  this  time 
regime.  However,  a  rigorous  solution  to  the  diffusion  equation  for  a  cone  is  expected  to  be  quite 
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complicated,  and  the  semiquantitative  app’’oach  embodied  by  Equations  (1)-(3)  is  quite  satisfactory  for 
describing  the  behavior  of  our  UMEs  over  the  time  regimes  of  usual  experimental  interest. 

DISCUSSION 

The  combination  of  SEM  images,  cyclic  voltammetric  data,  and  chronoamperometry  indicate 
that  the  tip  etching/coating  process  is  capable  of  producing  well-defined  conical  and  hemispherical 
ultramicroelectrode  tip  geometries.  The  larger  radii  UMEs  exhibited  electrochemical  behavior  in  accord 
with  a  diffusion  to  a  cone,  and  the  aspect  ratio  and  base  cone  radius  of  these  electrodes  given  by  the 
SEM  analysis  was  consistent  the  electrochemical  behavior  of  these  tips.  In  contrast,  for  smaller  radii 
UMEs  (r  <  2  /im),  chronoamperometric  data  at  both  short  and  long  times  was  consistent  with  a 
hemispherical  exposed  metal  tip  geometry.  Although  hemispherical  mercury  microelectrodes  have 
been  reported  previously  (14),  the  fabrication  procedure  reported  here  is  the  first  to  our  knowledge  to 
yield  solid  metal  electrodes  in  this  theoretically  advantageous  geometry  (1,14). 

Assuming  that  the  UMEs  share  a  common  etched  tip  geometry,  a  unified  picture.  Scheme  I,  can 
be  obtained  for  the  effects  of  the  tip  coating  process.  When  the  radius  of  the  exposed  metal 
approaches  the  ultimate  etched  tip  radius  (r  <  2  /im),  the  geometry  of  the  exposed  metal  should 
approximate  that  of  a  hemisphere.  Greater  UME  diameters  should  display  greater  amounts  of  lateral 
surface  area  on  the  conical  tip  surface.  As  shown  in  Table  I,  this  behavior  is  in  accord  with  the  data  for 
the  UMEs  examined  in  this  work.  The  1.7  /im  radius  electrodes  exhibited  a  chronoamperometric 
response  in  accord  with  that  expected  for  a  hemispherical  electrode  over  the  entire  experimental  time 
range,  while  significant  deviations  from  hemispherical  behavior  were  observed  for  the  4.8  ^m  and  6.5 
/im  radii  UMEs. 

Our  two  step  fabrication  procedure  is  conceptually  simple  and  is  similar  to  procedures  used 
previously  to  prepare  glass/Pt  potentiometric  indicator  microelectrodes  for  neurophysiology 
applications  (15).  However,  both  the  etching  and  coating  steps  of  the  procedure  have  undergone 
significant  refinement,  in  order  that  geometrically  well-defined  and  microscopically  smooth  metal 
surfaces  are  exposed  after  insulator  coating.  In  addition,  previous  workers  have  found  it  necessary  to 
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subject  the  coated  and  etched  metal  wire  to  an  intentional  “exposure  step",  in  which  the  insulating 
material  is  apparently  removed  from  the  coated  assembly  to  expose  bare  metal  (15).  We  have  found 
that  this  step  is  unnecessary,  because  exposed  metal  areas  with  the  desired  geometries,  and  intimate 
insulator-metal  seals,  are  present  in  coated  wires  prepared  by  our  etching/coating  process. 

UMEs  with  radii  both  larger  and  smaller  than  those  described  above  could  be  obtained  by 
manipulating  the  coating  conditions  as  described  in  the  experimental  section  above.  The  smallest  UME 
radius  obtained  using  the  fabrication  methods  described  here  was  0.05  pm  (estimated  from  the 
voltammetric  limiting  current).  It  was  routinely  possible  to  prepare  UMEs  with  somewhat  larger  radii  of 
0.2-0.5  pm  using  either  the  glass  or  polymer  coating  procedures.  These  values  are  comparable  to  the 
smallest  electrode  radii  accessible  using  conventional  microdisk  construction  techniques  (1). 

This  new  UME  design  possesses  a  number  of  other  significant  features:  1)  no  mechanical 
pretreatment  (/.e.,  polishing)  of  the  UME  is  required  (because  the  etched  metal  surface  is 
microscopically  smooth),  2)  the  metal-insulator  seals  of  these  electrodes  are  reproducible  and  abrupt, 
and  3)  the  procedure  does  not  require  the  handling  of  micron  size  wire  that  is  commonly  used  in 
conventional  microdisk  fabrication  processes.  Polymer  coated  versions  of  these  UMEs  can  be  prepared 
with  a  minimum  of  equipment  in  any  electrochemical  laboratory. 

A  possible  disadvantage  of  this  design  is  the  fact  that  the  metal  surface  of  the  UMEs  described 
here  cannot  be  renewed  by  polishing.  This  problem  is  inherent  to  the  protruding  hemispherical 
geometry,  but  is  partially  offset  by  the  ease  with  which  new  UMEs  can  be  prepared  using  our  procedure. 

An  obvious  application  of  our  UME  tips  is  in  scanning  tunneling  microscopy.  This  application 
requires  sharp,  geometrically  well  defined  tips  fabricated  from  chemically  inert  conductors.  Our 
insulated  Pt-lr  tips  would  seem  to  be  especially  well  suited  to  in  situ  STM  applications,  where  faradaic 
currents  from  the  body  of  the  metal  wire  normally  preclude  effective  feedback  control  of  the  tunneling 
current  (16,17).  These  tips  could  also  be  used  in  high  speed  electroanalytical  methods  where  the 
advantageous  geometry  and  low  total  exposed  surface  area  can  be  exploited.  Neurophysiological 
studies  with  implanted  electrodes  might  also  benefit  from  easily  prepared  microelectrodes  made  of 
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inert  metals.  Applications  of  this  tip  fabrication  procedure  to  these  problems  is  currently  being  explored, 
and  will  be  described  in  future  publications. 
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Table  I.  Comparison  of  UME  Radii  Determined  From  SEM  Data  and  Cyclic  Voltammetric  Data  For 
Typical  Glass  and  Polymer  Coated  UME’s. 


Electrode 

•"SEM 

ri  (/im)^’ 

rev 

glass 

2.8 

3.40 

2 

polymer 

8.2 

7.85 

7 

“Radius  at  the  base  of  the  exposed  metal  surface  as  estimated  from  SEM’s  shown  in  Figure  4. 
^Radius  calculated  from  the  voltammetric  limiting  current  at  */  =  2  mV/sec  using  the  expression  for 
steady  state  hemispherical  diffusion,  /'/  =  2nFDCr  (7). 

‘^Radius  estimated  from  the  ratio  ip/ij  at  i/  =  1  V/sec  using  a  microdisk  voltammetric  model  (5f). 
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Table  II.  Summary  of  Geometric  Data  For  Polymer  Coated  UME’s  Obtained  From 
Chronoamperometry  Experiments. 


Aexpt  (cm2)a 

fc  (Mm) 

a 

^xpt 

q9 

3.46  X  1 0'® 

6.51^^ 

2.000'^ 

1.29 

1.19 

1.91  X  10-® 

4.84‘» 

2.002*^ 

1.30 

1.20 

1.81  X  10'^ 

i.yo'^ 

2.000® 

1.00 

- 

“Areas  calculated  from  the  slopes  of  the  i  vs.  plots  (Figure  6a)  using  the  Cottrell  Eq.  (Eq.  2). 

^Base  radius  of  the  right  circular  cone  with  aspect  ratio,  a,  =1.2,  which  possesses  the  Cottrell  area  listed 
in  column  1.  (Calculated  using  the  equation  A  = 

•^Radius  of  the  hemisphere  which  possesses  the  Cottrell  area  listed  in  column  1. 

‘Value  of  the  a  coefficient  obtained  by  fitting  the  experimental  log  i  vs.  log  t  data  (Figure  7)  with  the 
conical  model  (Eqs.  1-3)  in  the  steady-state  time  regime.  Values  for  the  radius  are  listed  in  column  2 
and  a=l.2  is  assumed. 

“Value  of  the  a  coefficient  from  the  hemispherical  diffusion  model. 

*Ratio  between  the  experimentally  determined  Cottrell  areas  for  each  UME  listed  in  column  1  and  the 
surface  area  of  a  hemisphere  possessing  the  radius  listed  in  column  2. 

^Aspect  ratio,  a  =  cone  height/cone  diameter,  of  a  right  circular  cone  possessing  a  surface  area  equal 
the  experimentally  determined  value  and  a  radius  calculated  from  the  limiting  current  at  each  UME 
using  the  hemispherical  diffusion  equation  (Eq.  (3),  a  =  2x). 
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Figure  Captions 

Figure  1  -  Schematic  diagram  of  the  apparatus  used  to  apply  glass  or  polymer  layers  to  etched  Pt-lr 
wires.  A  complete  description  is  found  in  the  text. 

Figure  2  -  Current  vs.  time  curve  for  a  0.020"  Pt-lr  wire  etched  in  an  unstirred  aqueous  solution 
containing  6  M  NaCN  and  2  M  KOH.  The  etching  voltage  was  25  V  RMS.  Schematic  representations  of 
tips  emersed  at  the  points  labeled  "A",  "B",  and  “STOP"  are  shown  in  the  lower  half  of  the  Figure. 

Figure  3  -  Scanning  electron  micrograph  (SEM)  of  the  tip  of  a  Pt-lr  wire  after  electrochemical  etching. 

Figure  4  -  a.  SEM  image  of  the  glass  coated  UME  used  to  obtain  the  cyclic  voltammetry  data  shown  in 
Figure  5a.  b.  SEM  image  of  the  polymer  coated  UME  used  to  obtain  the  cyclic  voltammetry  data  shown 
in  Figure  5b. 

Figure  5  -  a.  Cyclic  voltammograms  for  a  typical  glass  coated  UME  immersed  in  4.34  mM  Fe(CN)6^',  1  M 
KCL  (Aq.)  at  potential  scan  rates  of:  a.  =  2  mV/sec,  b.  =  10  mV/sec,  c.  =  50  mV/sec,  d.  =  200  mV/sec,  e.  = 
1000  mV/sec.  b.  Cyclic  voltammograms  for  a  typical  polymer  coated  UME  in  the  same  solution.  Scan 
rates  are  the  same  as  in  Figure  5a. 

Figure  6  -  Current  vs.  time'^^  plots  for  potential  steps  at  three  polymer  coated,  Pt-lr  UMEs.  Potential 
steps  were  applied  from  0.0  V  to  0.5  V  vs.  SCE  in  4.21  mM  Fe(CN)6^,  0.5  M  Na2S04  (Aq.).  o  =  6.5  /im 
radius  UME,  A  =  4.8  nm  radius  UME,  =1.7  ^m  radius  UME.  a.  Data  for  time  interval  from  60  nsec  to  3 
sec.  b.  Data  for  time  interval  from  35  msec  to  3  sec. 

Figure  7  -  Comparison  of  experimental  Log  i  vs.  Log  t  plots  for  the  data  of  Figure  6  with  that  calculated 
for  both  the  conical  electrode  geometry  (solid  line)  and  the  hemispherical  electrode  geometry  (broken 
line).  The  calculations  were  done  using  Equations  1-3,  as  described  in  the  text,  o  =  6.5  /zm  radius  UME, 
A  =  4.8  /im  radius  UME,  =1.7  /im  radius  UME. 

Scheme  I  -  Representation  of  the  etched  tip  geometry  showing  the  approximate  location  of  the 
insulator-metal  interface  (broken  lines)  for  the  1.7  /im,  4.8  /im,  and  the  6.5  /im  radii  polymer  coated 
UMEs  examined  in  the  chronoamperometry  section. 
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